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METHODS AND REAGENTS TO ACQUIRE MRI SIGNALS AND IMAGES 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims priority under 35 U.S.C. § 119 from U.S. Application Ser. No. 
60/271,237, filed February 23, 2001. 

FIELD OF THE INVENTION 

This invention relates generally to magnetic resonance imaging (MRI). More 
particularly, the present invention relates to applications for fMRI or BOLD MRI. 

BACKGROUND OF THE INVENTION 

Magnetic resonance imaging (MRI) is a versatile technique which is used to obtain 
functional and anatomical information with a high spatial (mm) resolution, such that most 
structural changes in the brain and other organs can be detected. MRI does have limitations. 
MRI does not show up such critical factors as receptor binding (important in drug studies) or 
functional features such as blood flow or electrical activity. It has no dynamic abiUty (except to 
image structural changes which, of course, occur over weeks or years). Finally, the MRI 
technique can mduce tissue heating (from the RF field) as well as electrical currents in 
conductive tissues from the static and dynamic impressed magnetic fields (static fields induce 
currents due to blood flowing relative to the field). 

Recently, it has been established that subtle physiological alterations, such as changes in 
blood flow, blood volume, and blood oxygenation can be detected using MRI. See Ogawa, et al., 
Proc. Nat. Acad. Sci. 87:9868-72 (1990); Ogawa, et al,Biophys. J. 64:803-12 (1993); Ogawa, et 
al., Magn. Reson. Med. 29:205-10 (1993). Ogawa, et al, showed that the MRI signal alterations 
from these changes were related in the changes in the concentration of deoxyhemoglobin. This 
functional MRI (fMRI) works by imaging blood oxygenation and is also called BOLD (Blood 
Oxygen Level Dependence). Van Zijl, et al., showed that hemoglobin acts as a natural 
intravascular contrast agent. BOLD relies on mechanisms which overcompensate for oxygen 
usage (activation causes an influx of oxygenated blood in excess of that used and therefore the 
local oxyhemoglobin concentration increases). For example, oxygen is carried to the brain in the 
hemoglobin molecules of red blood cells. Deoxygenated hemoglobin is paramagnetic and 
therefore has a short T2 relaxation time. When neurons fne, they consume oxygen and local 
oxygen levels decrease briefly and then actually increase above the resting level as nearby 



capillaries dilate to allow more oxygenated blood into the active area. As the ratio of oxygenated 
to deoxygenated hemoglobin increases, so to does the signal recorded by MRI. As a result, 
intensity of images increases with the increase of brain activation. Van Zijl, et al. Nature Med., 
4:159-67 (1998) showed that is its possible to predict the magnitude of spin-echo MRI signal 
5 intensity changes on brain activation. Oja, et al., Magn. Res. Med. 42:617-26 (1999), indicate 

that the effects of spin-echo changes in draining veins are a major contribution to the total BOLD 
signal changes measured in the activated brain areas, and that existing theories for the spin-echo 
BOLD effect based on diffusion through field gradients are incompatible with observed data. 
The oxygen extraction ratio (OER) of a tissue is the ratio of oxygen consumption to 
1 0 oxygen delivery for that tissue. Li practice, the ratio of deoxyhemoglobin to total hemoglobin is 
a linear function of OER. Measuring OER in situ would allow for direct assessment of tissue 
viability and activity in any organ. Oja, et al, /. Cereb. Blood Flow Metab. 19:1289-95 (1999), 
report that OER can be determined using BOLD MRI. Oja, et al., measured the BOLD signal of 
venous blood draining from the brain after visual stimulation, rather than direct measurement of 
1 Sir brain OER. Under normoxic conditions, BOLD contrast reflects the status of the venous 
^ microvasculature of the brain. The difference between images with and without an activation 
'3*' stimulus can be used to obtain functional maps of the brain. 

While the vast maj ority of literature on BOLD MRI revolves around the bram, a few 
studies have been done in other contexts. Changes in the oxidation of the renal medulla, for 
20 example, can be monitored with BOLD MRI, as reported by Prasad and Epstein, Kidney Int. 

55:294-98. Mumganadham, et al.. Int. J. Radiat. Oncol. Biol. Phys. 43:413-21 (1999) report that 
the differential radiation response of murine normal and tumor tissue induced by diltiazem, a 
calcium channel blocker, correlates with diltiazem-increased tumor blood flow and tumor 
oxygenation as measured by BOLD MRI. Wacker, et al., MAGMA 8:48-54 (1999) have studied 
25 changes in myocardial oxygenation with BOLD MRI. Specifically, T2* measurements were 

used to create T2* maps, which revealed expected ischemic areas of myocardium in six patients. 
Dipyridamole (DIP), was used to increase myocardial blood flow for comparison. Jordan, et al.. 
Int. J. Radiat. Oncol. Biol. Phys. 48:565-70 (2000) describe the effects of nitric oxide donor 
isosorbide dinitrate on pOa and blood flow in a murine tumor model with carbogen (a mixture of 
30 pure oxygen and carbon dioxide) as a reference treatment. The quantities of oxygen delivered to 
liver tumors were measured with BOLD and other methods. While isosorbide dinitrate improves 
blood flow alone, carbogen improves blood flow and hemoglobin oxygenation, resulting in 
increased BOLD image intensity. 
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While BOLD has great potential as an imaging technique, it currently suffers from a 
number of disadvantages. The increase in intensity of images due to decrease of T2 image is 
small (usually less than 2%), and unfortunately, easily obscured by noise and different artifacts. 
Other potential problems include the possible measurement of blood oxygen changes caused by 
5 previous processing, as hemodynamic changes involved in a change of task may take 3 to 8 
seconds. Use&l imaging still requires task repetition and image averaging, which can be 
unpleasant for the patient due to the noisy and claustrophobia-provoking environment of the 
MRI. Vascular drainage extending some centimeters from the local capillary network can create 
artifacts due to heating of the brain, rather than changes in blood flow. High powered MRI 
10 machines can alleviate some of these problems by increasing the signal to noise ratio and 
^ magnifying differences in the spatial propagation characteristics of various sources of T2 signal 
Z. such as blood velocity effects and large vascular artifacts remote from the site of activity. 
Accordingly, there remains a need for improved BOLD imaging agents. 

RSR13 2-[4-(((3,5-dimethylanilino)carbonyl)methyl)phenoxy]-2-methylpropionic acid): 
i H3C 

% ^^N-C-CH.^^O-C-COO-X 

is an allosteric effector of hemoglobin, and has been shown to enhance tissue oxygenation in 
vivo. Sometimes, RSR13 is represented by the name 2-[4-[2-[(3,5-dimethylphenyl)amino]-2- 
oxoethyl]phenoxy]-2-methylpropanoic acid, hi general RSR13 is administered as a 
physiologically acceptable salt, such as the monosodium salt; that is, X"^ is Na"^. RSR13 induces 

20 allosteric modification of hemoglobin, such that its binding affinity for oxygen is decreased, 

resulting in increased oxygen distribution to tissues by erythrocytes. RSR13 has been reported to 
enhance fractionated radiation therapy in mice bearing the Lewis lung carcinoma. See Teicher, 
(1996) Drug Dev. Res. 38: 1-11. Enhancement of the effect of radiation was observed in EMT6 
mouse mammary tumors by treatment of RSR13 plus oxygen breathing, with the absence of 

25 enhanced radiation effects in normal tissues. Rockwell and Kelley (1998) Rad. Oncol. Invest. 

6:199-208. In addition, mouse fibrosarcoma tumor growth has been shown to be reduced by the 
combination of RSR13 and radiation relative to radiation alone. See Teicher, et al., ibid.; 
Khandelwal et al. (1996) Rad. Oncol. Invest. 4:51-59. 

Microelectrode measurements of p02 were used in the previous studies to monitor tumor 

3 0 oxygenation by RSRl 3 . Although this method can provide an accurate determination of the 



oxygen levels in tumors, it is an invasive technique, and only measures the pOa levels near the 
electrode. Another technique used in these studies was the construction of hemoglobin (Hb)-02 
dissociation curves from blood samples. Although this technique is less invasive, it requires 
multiple blood samples and does not specifically monitor tumor oxygenation, but measures 
whole body blood oxygen saturation. 

SUMMARY OF THE INVENTION 

The present invention is directed toward a method for measuring BOLD MRI signals and 
obtaining BOLD MRI images. The methods comprise administering an effective amount of an 
allosteric effector compound capable of decreasing hemoglobin binding affinity for oxygen, and 
performing a blood oxygen level-dependent magnetic resonance imaging scan. 

The invention also provides a method of increasing the sensitivity of cells to the cytotoxic 
effects of ionizing radiation comprising contacting the cells with an amount of a compound 
effective to oxygenate the cells, measuring the oxygenation of the cells, and administering an 
effective cytotoxic dose of ionizing radiation to the cells. 

Also within the scope of the present invention is a method of measuring tumor 
oxygenation, comprising administering an effective amount of an allosteric effector compound 
capable of decreasing hemoglobin binding affinity for oxygen, and performing a blood oxygen 
level-dependent magnetic resonance imaging scan. Also within the scope of the present 
invention is a method for determining an optimal time for the initiation of radiation therapy, 
comprising administering an effective amount of an allosteric effector compound capable of 
decreasing hemoglobin binding affmity for oxygen, measuring the blood oxygen level dependent 
signal ratio, and determining the time required for a maximum increase in the blood oxygen level 
dependent signal ratio. 

The invention further provides a method of diagnosing an abnormal pathology, 
comprising introducing an allosteric effector compound into a patient suspected of having the 
abnormal pathology, performing a blood oxygen level-dependent magnetic resonance imaging 
scan of the patient, and detecting an increase in blood oxygen level-dependent magnetic 
resonance imaging signal. 

The invention further provides a method of imaging ghoblastoma multiforme, comprising 
administering an effective amount of an allosteric effector compoimd capable of decreasing 
hemoglobin binding affinity for oxygen, and performing a blood oxygen level-dependent 
magnetic resonance imaging scan. 



The allosteric effector compounds useful in the invention are, 
a compoxind having the formula: 

R4— ^^^^X-C— Z— ^^O^O-C-COOR^ 
R5 Re 

where R1.5 may be hydrogen, halogen, or a substituted or unsubstituted C1.3 alkyl group 
and may be the same or different, 

R6-7 may each be hydrogen or methyl and may be the same or different, and 

Rg may be hydrogen, a substituted or unsubstituted C1.3 alkyl group, or a salt cation, and 
X and Z are CH2, NH, or O; 

a compomd having the formula: 

Y— Z — ( Q) — O— C— COOR9 

R5 Re 

where X and Z may each be CH2, CO, NH or O, and Y may be CO or NH, which the 
caveat that X, Y, and Z must all be different from each other, and 

R2-6 can be the hydrogen, halogen, substituted or unsubstituted C1.3 alkyl groups, and may 
be the same or different, 

R7.8 can be hydrogens, methyls, ethyls, or alkyl groups in a ring connecting the two, and 

R9 can be a hydrogen, lower alkyl, or salt cation; 

a compound having the formula: 





where R3.6 can be the hydrogen, halogen, substituted or unsubstituted C1.3 alkyl group, or 
a C1.3 ether or ester, and these moieties may be the same or different, or alkyl moieties of an 
aromatic or aliphatic ring incorporating two of the R3-6, 

Ri can be connected to any position on the phenyl ring, and 



sites R7-8 can be hydrogen, halogen, methyl, ethyl, and these moieties may be the same or 
different, or alkyl groups in a ring connecting the two, and 

R9 can be a hydrogen, halogen, C1-3 lower alkyl, or salt cation; 
a compound having the formula: 



where Ri can be connected to any position on the phenyl ring, and 

sites R7.8 can be hydrogen, halogen, methyl, ethyl, and these moieties may be the same or 
different, or alkyl groups in a ring connecting the two, and 

R2 is defmed as a substituted or unsubstituted aromatic compound, a substituted or 
unsubstituted alkyl ring compound, or a substituted or unsubstituted phthalimide compound, 

X is a carboxyl, 
Y is a nitrogen, 

and R2 completes the phthalimide compound by being bonded to both X and Y; and 
where X, Y, and Z, may either be CH2, NH, O, or N, with the caveat that each are different from 
the other; 

a compound having the formula: 



where R2, R3, R4, R5, and Re may be hydi-ogen, halogen, or alkyl groups and may be the 
same or different, 

R7 and Rg may be hydrogen or methyl groups and may be the same or different, and 
where the R9 moiety is hydrogen or a salt cation; 
a compound having the formula: 




Ri = O— C— COOR9 




Y Re 
R5 



COORg 




where R2 is a substituted or unsubstituted aromatic compound, or a substituted or 
unsubstituted alkyl ring compound, or a substituted or unsubstituted phthalimide compound that 
incorporates X and Y, 

X is a carbonyl, 

Y is a nitrogen, and 

R2 completes the phthalimide compound by being bonded to both X and Y, and where X, 
Y, and Z are CH2, NH, S, SO2, CO, O or N with the caveat that X, Y, and Z are each different 
from one another, and 

where Ri can be connected to any position on the phenyl ring, and 

R3 and R4 are hydrogen, halogen, methyl, ethyl, propyl, isopropyl, neopentyl, butyl, or 
substituted or unsubstituted aryl groups and these moieties may be the same or different, or alkyl 
moieties as part of an aliphatic ring connecting R3 and R4, and 

R5 is a hydrogen, halogen, C1.3 lower alkyl, or a salt cation; 

a compound having the formula: 




where A is a chemical bridge which includes two to four chemical moieties bonded 
together, 

the chemical moieties in A are selected from the group consisting of CO, O, S, SO2, NH, 
NR9 where R9 is a Ci-6 alkyl group, CH2, CH, and C, with the proviso that, except in the case 
where A contains two identical CH and C moieties positioned adjacent one another to form an 
alkene or alkyne, the chemical moieties in A are each different from one another, and 

at least one of R1-5 is substituted with a compound having the chemical formula: 

O— (CH2)ri— C— COOR12 
R11 

where n is zero to five, 

where Rio and Rn are selected from the group consisting of hydrogen, halogen, C1.12 
alkyl groups, carboxyhc acids and esters, aromatic or heteroatomic groups, and these moieties 
may be the same or different, or alkyl moieties of part of an aliphatic ring connecting Rio and 
Ru, and where R12 is a hydrogen, halogen, salt cation, metal, or Ci-6 alkyl group, and 



wherein a remainder of the R1.5 moieties and the Rg-g moieties are selected from the group 
consisting of hydrogen, halogen, Ci-e alkyl groups, Ci-e ether or esters, aromatics and 
heteroaromatics, and alkyl moieties of an aliphatic ring connecting two sites on a phenyl group; 
a compound having the formula: 

Ri— A— R2 

where Ri and R2 each are a substituted or unsubstituted aromatic or heteroaromatic 
compounds, or a substituted or unsubstituted alkyl or heteroaUcyl ring compound, or a substituted 
or imsubstituted phthalimide compound, and 

where Ri and R2 may be the same or different, 

where A is a chemical bridge which includes three chemical moieties bonded together 

between Ri and R2, 

wherein the chemical moieties in A are selected from the group consisting of CO, O, S, 
SO2, NH, NR3 where R3 is Ci-e alkyl group, NR4 where R4 includes two carbonyls as part of a 
phthalimide compound formed with Ri or R2, CH2, CH, and C, and 

where at least one of Ri and R2 is substituted with a compounds having the chemical 
formula: 

O— (CH2)n— C— COOR7 

Re 

where n is zero to five, where R5 and Re are selected from the group consisting of 
hydrogen, halogen, substituted or unsubstituted Ci.n alkyl groups, carboxylic acid and ester 
groups, substituted or unsubstituted aromatic or heteroaromatic groups, and these moieties may 
be the same or different, or alkyl moieties of part of an aliphatic ring coimecting R5 and Re, and 

where R? is a hydrogen, halogen, salt cation, metal, or substituted or unsubstituted Ci-e 
aUcyl group; 

a compound having the formula: 

Ri— A— R2 

where Ri and R2 each are a substituted or unsubstituted aromatic or heteroaromatic 
compoimd, or substituted or unsubstituted alkyl or heteroalkyl ring compoimd, or a substituted or 
imsubstituted phthalimide compound, and 

where Ri and R2 may be the same or different, 

where A is a chemical bridge which includes two to four chemical moieties bonded 
together between Ri and R2, 



wherein at least one of Ri or R2 is substituted with a compound having the chemical 
formula: 



where n is zero to five, 

where R5 and Re are selected from the group consisting of hydrogen, halogen, substituted 
or unsubstituted Ci-12 alkyl groups, carboxylic acid and ester, substituted or unsubstituted 
aromatic or heteroaromatic groups, and these moieties may be the same or different, or alkyl 
moieties of part of an aliphatic ring connecting Rs and Re, and 

where R7 is a hydrogen, halogen, salt cation, metal, or substituted or unsubstituted Ci-s 
alkyl group; and/or 

a compound having the formula: 



where Ri is selected from the group consisting of optionally substituted phenyl, 
adamantyl, napthyl, and indanyl, R2-3 are alkyl moieties of a C3.6 alkyl ring connecting R2 and 
R3, and R4 is a hydrogen, a monovalent salt cation, or a C1-3 lower alkyl. 

BRIEF DESCRIPTION OF THE FIGURES 

This patent or application file contains at least one drawing executed in color. Copies of 
this patent or patent application publication with color drawing(s) will be provided by the Office 
upon request and payment of the necessary fee. 

Figure 1 shows time dependence of RSR13-induced changes in tumor oxygenation. 
Nude mice with human lung carcinoma xenografts in the flank region were injected i.p. with 200 
mg/kg RSR13 at t = 0 min, and MR images were acquired immediately and at 10 min intervals. 
Eight independent experiments were performed (1 mouse/exp), and error bars represent ± SEM 
values (n = 8). 

Figure 2A and Figure 2B show color images of percent T2* dependent gradient echo 
signal increase from baseline at 30 min post-injection, representative of those used to calculate 
the ratios shown in Figure 1. The color scale represents the ratio: Intensity (t = 30 min)/ 
Intensity (t = 0). Color maps are superimposed over spin echo images of a single slice through 



O— (CH2)ri— C— COOR7 
Re 
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wherein said chemical moieties in A are selected from the group consisting of CO, O, S, 
SO2, NH, NR3 where R3 is a Ci-e alkyl group, NR4 where R4 includes two carbonyls as part of a 
phthalimide compound formed with Ri or R2, CH2, CH, and C, with the caveat that, except in the 
case where A contains two identical CH and C moieties positioned adjacent one another to form 
an alkene or alkyne, the chemical moieties in A are each different from one another, and 

wherein at least one of Ri or R2 is substituted with a compound having the chemical 



where n is zero to five, 

where R5 and Re are selected from the group consisting of hydrogen, halogen, substituted 
or unsubstituted Ci-12 alkyl groups, carboxylic acid and ester, substituted or unsubstituted 
aromatic or heteroaromatic groups, and these moieties may be the same or different, or alkyl 
moieties of part of an aliphatic ring connecting R5 and Re, and 

where R? is a hydrogen, halogen, salt cation, metal, or substituted or unsubstituted Ci-e 
alkyl group; and/or 

a compound having the formula: 



where Ri is selected from the group consisting of optionally substituted phenyl, 
adamantyl, napthyl, and indanyl, R2-3 are alkyl moieties of a C3-6 alkyl ring connecting R2 and 
R3, and R4 is a hydrogen, a monovalent salt cation, or a C1-3 lower alkyl. 

In some embodiments, the allosteric effector compound is 2-[4-(((3,5- 
dimethylanilino)carbonyl)methyl)phenoxy]-2-methylpropiomc acid, or a physiologically 
acceptable salt thereof 

BRIEF DESCRIPTION OF THE FIGURES 

This patent or application file contains at least one drawing executed in color. Copies of 
this patent or patent apphcation pubhcation with color drawing(s) will be provided by the Office 
upon request and payment of the necessary fee. 



formula: 



O— (CH2)n— C— COOR7 

Re 




Figure 1 shows time dependence of RSRl 3 -induced changes in tumor oxygenation. 
Nude mice with human lung carcinoma xenografts in the flank region were injected i.p. with 200 
mg/kg RSRl 3 at t = 0 min, and MR images were acquired immediately and at 10 min intervals. 
Eight independent experiments were performed (1 mouse/exp), and error bars represent ± SEM 
5 values (n = 8). 

Figure 2A and Figure 2B show color images of percent T2* dependent gradient echo 
signal increase from baseline at 30 min post-injection, representative of those used to calculate 
the ratios shown in Figure 1. The color scale represents the ratio: Intensity (t = 30 min)/ 
Intensity (t = 0). Color maps are superimposed over spin echo images of a single shce through 
10 the tumor. Figure 2A is an image from a control, saline-freated mouse, and Figure 2B is an 
image from a mouse treated with RSRl 3 . 
" Figure 3 shows tumor growth delay measurements in mice treated with RSRl 3 and/or 

radiation. Mice with tumors were injected i.p. with 200 mg/kg RSRl 3 and tumors were 
'''^ irradiated 30 min later at a dose of 10 Gy. A representative experiment is shown; error bars 
15 represent the ± SEM of n = 4 mice per treatment group, (filled circles), control, imtreated; (filled 
r triangles), RSRl 3 only (200 mg/kg); (filled squares), radiation only (10 Gy); (open circles), 
? radiation + RSRl 3. 

Figure 4A -G show color maps of percent T2* dependent gradient echo signal increase 
from baseline post-injection of 0 mg/kg RSRl 3 (control) at times 0 (Figure 4A), 1 0 (Figure 4B), 
20"^- 20 (Figure 4C), 30 (Figure 4D), 40 (Figure 4E), 50 (Figure 4F) and 60 (Figure 4G) minutes. 
Color maps are superimposed over spin echo images of a single sUce through the tumor. 

Figure 5 A -G show color maps of percent T2* dependent gradient echo signal increase 
from baseline post-injection of 100 mg/kg RSRl 3 at times 0 (Figure 5 A), 10 (Figure 5B), 20 
(Figure 5C), 30 (Figure 5D), 40 (Figure 5E), 50 (Figure 5F) and 60 (Figui-e 5G) minutes. Color 
25 maps are superimposed over spin echo images of a single slice through the tumor. 

Figure 6A -G shows color maps of percent T2* dependent gradient echo signal increase 
from baseline post-injection of 300 mg/kg RSRl 3 at times 0 (Figure 6 A), 10 (Figure 6B), 20 
(Figure 6C), 30 (Figure 6D), 40 (Figure 6E), 50 (Figure 6F) and 60 (Figure 6G) minutes. Color 
maps are superimposed over spin echo images of a single slice through the tumor. 
30 Figure 6A -G shows color maps of percent T2* dependent gradient echo signal increase 

from baseline post-injection of 200 mg/kg RSR13 at times 0 (Figure 7A), 10 (Figure 7B), 20 
(Figure 7C), 30 (Figure 7D), 40 (Figure 7E), 50 (Figure 7F) and 60 (Figure 7G) minutes. Color 
maps are superimposed over spin echo images of a single slice through the tumor. 
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Figure 8 shows (a) axial spin echo image of an athymic nude mouse with an H460 tumor 
growing in its flank. The regions of interest identified are [ROI 1] tumor, [ROI 2] normal tissue, 
and [ROI 3] necrotic tissue. 

Figure 9 shows a plot of signal in each ROI shown in Fig. 8, normalized to signal at time 
zero, as a function of time for approximately two hours after the time zero injection of RSR13. 
The nearly 20% increase in signal in tumor tissue reduces Tl and/or lengthens T2. 

Figure 10 shows tumor doubling times for each of the treatment groups described in Fig. 

3. 

DETAILED DESCRIPTION OF THE INVENTION 

The use of the allosteric effector compounds in the present invention can result in 
valuable utility for a variety of applications. Because the allosteric effector compounds used in 
the present invention are capable of allosterically modifying the oxygenation of hemoglobin, 
they are able to alter the ratio of oxy- to deoxy- hemoglobin, thus allowing for a stronger BOLD 
MRI signal. In this sense, the allosteric effector compounds are useftil simply to obtain a BOLD 
MRI signal and make for more accurate quantitation of biological events or physiology due to 
the improved signal to noise signal. 

In another embodiment of the present invention, the use of allosteric effector compounds 
are useful to observe dynamic characteristics within the tissue being evaluated by BOLD MRI. 
Because the allosteric effect of the allosteric effector compounds follows a defined time course, 
it is possible to detect dynamic changes in the tissue imder study because the oxy-/deoxy- 
hemoglobin ratio will be changing — at first increasing to a minimum value, and then returning to 
its original levels within a tissue. 

Also the use of BOLD MRI in conjxmction with therapeutic applications of the 
hemoglobin allosteric effectors of the present invention is included within the present invention. 
For example, in some protocols RSR13 is administered in conjunction with chemotherapeutic 
agents or radiation that are enhanced by the oxygenation of tissue afforded by the administration 
of RSR13. In order to maximize the effectiveness of such protocols, the use of BOLD MRI 
enables a dynamic evaluation of when the tissue oxygenation is maximized, thereby allowing for 
optimization of the chemotherapeutic treatment. 

BOLD MRI Measurement 
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The present invention is directed toward allosteric effector compounds useful in BOLD 
MRI methods. Allosteric effector compounds useful in the present invention fall into several 
categories: 

Group I: 2-[4-((aryl)acetamido)phenoxy]2-methyl propionic acid compounds having the 
general structural formula: 

" /=\ 

y // CH2-C— NH-^ J> O— C— COOH 

R CH3 
group II: 2-[4-(((aryl)oxy)carbonyl)aniino) phenoxy]-2-methyl propionic acid compounds having 
the general structural formula 

? /=\ 

O— C— NH-^ J} — O— C— COOH 
CH3 

group III: 2-[4 ((((aryl)amino)carbonyl) methyl)phenoxy]-2-methyl propionic acid compounds 
having the general structural formulae 

Q CH3 

-COOH 



\ /-NH-C-CH..^ 
and 



R4— <k ^NH-C-CH2-s^ y 



CH3 




-COOH 



group IV: 2-[4-(((aryl)amino)carbonyl) oxy)phenoxy]-2-methyI propionic acid compounds 
having the general structural formula 

O CH3 



In one subset of compounds defined by the formula 
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X and Z may each be CO or CH2, with the caveat that when X is CO, Z is CH2, and when X is 
CH2, Z is CO. This subset of compounds may be conveniently divided into two additional 
groupings as follows: 

Group V: 2-[4-(((aryloyl)amino) methyl)phenoxy]-2-methyl propionic acid compounds 
having the general structural formula 

R <^ J> C— N— CH2-^ y O— C— COOH 

CH3 

Group VI: 2-[4-((((aryl)methyl)amino) carbonyl)phenoxy]-2-methyl propionic acid 
compounds having the general structural formula; and 

R3 ^ 

R4— ^^^X-C— Z-^^)— O-C-COORs 

R5 ^6 

Group Vn has the general structural formula: 




The image enhancing agents of the present invention are capable of allosterically 
effecting hemoglobin to cause a change in the oxy-/deoxy- hemoglobin ratio. Allosteric effector 
compounds useful in the present invention include compounds disclosed in U.S. Patent No. 
5,049,695, including 
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R4— <^^>— X-C-Z^^^O)~~0"'(^~^^^^« 
R5 Re 

where R1.5 may be hydrogen, halogen, or a substituted or unsubstituted C1.3 alkyl group and may 
be the same or different, wherein Re-? may each be hydrogen or methyl and may be the same or 
different, and wherein may be hydrogen, a substituted or unsubstituted C1-3 alkyl group, or a 
salt cation, and where X and Z are CH2, NH, or O. Other allosteric effector compounds useful in 
the present invention disclosed in U.S. Patent No. 5,122,539 include 
R3 /R2 

R5 Re 

where X and Z may each be CH2, CO, NH or O, and Y may be CO or NH, which the caveat that 
X, Y, and Z must all be different from each other. R2-6 can be the hydrogen, halogen, substituted 

or unsubstituted C1-3 alkyl groups, and may be the same or different, R7-8 can be hydrogens, 
methyls, ethyls, or alkyl groups in a ring connecting the two, and R9 can be a hydrogen, lower 
alkyl, or salt cation. 

Also included as allosteric effector compounds useful in the present invention are 
compounds disclosed in U.S. Patent No. 5,248,785 and U.S. Patent No. 5,250,701, including 



Ri = O— C— COOR9 

Rs 



where R3.6 can be the hydrogen, halogen, substituted or unsubstituted C1-3 alkyl group, or a C1.3 
ether or ester, and these moieties may be the same or different, or alkyl moieties of an aromatic 
or aliphatic ring incorporating two of the R3.6, and where Ri can be connected to any position on 
the phenyl ring, and sites R7.8 can be hydrogen, halogen, methyl, ethyl, and these moieties may 
be the same or different, or alkyl groups in a ring connecting the two, and R9 can be a hydrogen, 
halogen, C1.3 lower alkyl, or salt cation. 
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Also included as allosteric effector compounds useful in the present invention are 
compounds disclosed in U.S. Patent No. 5,290,803 including 




where Ri is a tail structure as defined above in connection with U.S. Patent 5,248,785, and R2 is 
defined as a substituted or unsubstituted aromatic compound, a substituted or unsubstituted alkyl 
ring compound, or a substituted or unsubstituted phthalimide compound X is a carboxyl, Y is a 
nitrogen and R2 completes the phthalimide compound by being bonded to both X and Y; and 
where X, Y, and Z, may either be CH2, NH, O, or N, with the caveat that each are different from 
the other. 

Also included as allosteric effector compounds useful in the present invention are 
compounds disclosed in U.S. Patent No. 5, 382,680 including 




wherein the R2, R3, R4, R5, and Re moieties may be hydrogen, halogen, or alkyl groups 
and may be the same or different, wherein the R7 and Rs moieties may be hydrogen or methyl 
groups and may be the same or different, and wherein the R9 moiety is hydrogen or a sah cation. 

Also included as allosteric effector compounds usefiil in the present invention are 
compounds disclosed in U.S. Patent No. 5,432,191 including 

where R2 is a substituted or unsubstituted aromatic compound, or a substituted or unsubstituted 
alkyl ring compound, or a substituted or unsubstitiited phthalimide compound that incorporates 
X and Y where X is a carbonyl, Y is a nitrogen and R2 completes the phthalimide compound by 
being bonded to both X and Y, and where X, Y, and Z are CH2, NH, S, SO2, CO, O or N witii the 
caveat that the X, Y, and Z moieties are each different from one another, and where Ri can be 
connected to any position on the phenyl ring, and R3 and R4 are hydrogen, halogen, methyl, 
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ethyl, propyl, isopropyl, neopentyl, butyl, or substituted or unsubstituted aryl groups and these 
moieties may be the same or different, or alkyl moieties as part of an aliphatic ring coimecting R3 
and R4, and R5 is a hydrogen, halogen, C1.3 lower alkyl, or a salt cation. 

Also included as allosteric effector compounds useful in the present invention are 
compounds disclosed in U.S. Patent No. 5,591,892 including 



where A is a chemical bridge which includes two to four chemical moieties bonded together, 
wherein the chemical moieties in A are selected from the group consisting of CO, O, S, SO2, NH, 
NR9 where R9 is a C1.6 alkyl group, CH2, CH, and C, with the proviso that, except in the case 
where A contains two identical CH and C moieties positioned adjacent one another to form an 

alkene or alk}aie, the chemical moieties in A are each different from one another, and wherein at 
least one of R1.5 is substituted with a compound having the chemical formula: 



where n is zero to five, where Rio and Ru are selected from the group consisting of hydrogen, 
halogen, C1.12 alkyl groups, carboxylic acids and esters, aromatic or heteroatomic groups, and 
these moieties maybe the same or different, or alkyl moieties of part of an aliphatic ring 
connecting Rio and Rn, and where R12 is a hydrogen, halogen, salt cation, metal, or Ci-e alkyl 
group, and wherein a remainder of the R1-5 moieties and the Re-g moieties are selected from the 
group consisting of hydrogen, halogen, C1.6 alkyl groups, Ci-e ether or esters, aromatics and 
heteroaromatics, and alkyl moieties of an aliphatic ring connecting two sites on a phenyl group. 

Also included as allosteric effector compounds useful in the present invention are 
compounds disclosed in U.S. Patent No. 5,648,375 including a compound of the formula Ri — 
A — ^R2 where Ri and R2 each are a substituted or unsubstituted aromatic or heteroaromatic 
compounds, or a substituted or unsubstituted alkyl or heteroalkyl ring compound, or a substituted 
or unsubstituted phthalimide compound, and where Ri and R2 may be the same or different, 
where A is a chemical bridge which includes 3 chemical moieties bonded together between Ri 
and R2, wherein the chemical moieties in A are selected from the group consisting of CO, O, S, 




O— (CH2)n— C— COOR12 
R1I 
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S02, NH, NR3 where R3 is Ci-6 alkyl group, NR4 where R4 includes two carbonyls as part of a 
phthalimide compound formed with Ri or R2, CH2, CH, and C, and where at least one of Ri and 
R2 is substituted with a compounds having the chemical formula: 

?^ 

O— (CH2)ri— C— COOR7 
Re 

where n is zero to five, where R5 and Re are selected from the group consisting of hydrogen, 
halogen, substituted or unsubstituted C1.12 alkyl groups, carboxylic acid and ester groups, 
substituted or unsubstituted aromatic or heteroaromatic groups, and these moieties may be the 
same or different, or alkyl moieties of part of an aliphatic ring connecting R5 and Re, and where 
R7 is a hydrogen, halogen, salt cation, metal, or substituted or unsubstituted Ci-e alkyl group. 

Also included as allosteric effector compounds useful in the present invention are 
compounds disclosed in U.S. Patent No. 5,661,182, including an allosteric effector molecule 
which (i) binds to only one pair of symmetry related sites in the central water cavity of 
hemoglobin at the Lys 99 a, Arg 141 a, and Asn 108 B residues, each pair of symmetry related 
sites having residues on three separate sub-units of the hemoglobin, (ii) stabilizes the hemoglobin 
in a lower oxygen affinity state, and (iii) is active in the presence of normal concentrations of 
serum albumin in the blood, the allosteric effector molecule (a) maintains greater than sixty 
percent of its activity in terms of right shifting the oxygen dissociation curve of hemoglobin for a 
buffered red cell suspension at pH 7.4, in 140 mM NaCl and 50 mM bis-Tris buffer at 37° C, 
which contains 20-25 ^iM hemoglobin on a tetramer basis, 50 nM serum albumin, and 0.5 mM 
of the allosteric effector molecule, relative to the buffered red cell suspension without 50 \iM 
serum albumin, and (b) maintains greater than eighty percent of its activity in terms of a 
calculated oxygen delivery index for the buffered red cell suspension containing 50 |iM serum 
albumin relative to the buffered red cell suspension without 50 ia.M serum albumin; and 
permitting the allosteric effector molecule to penetrate into erythrocytes in the blood and bind to 
the hemoglobin therein. 

Also included as allosteric effector compounds useful in the present invention are 
compounds disclosed in U.S. Patent Nos. 5,677,330, 5,705,521 and 5,927,283 including a 
compound of the formula Ri— A— R2 where Ri and R2 each are a substituted or unsubstituted 
aromatic or heteroaromatic compound, or substituted or unsubstituted alkyl or heteroalkyl ring 
compound, or a substituted or unsubstituted phthalimide compound, and where Ri and R2 may be 
the same or different, where A is a chemical bridge which includes two to four chemical moieties 
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bonded together between Ri and R2, wherein said chemical moieties in A are selected from the 
group consisting of CO, O, S, SO2, NH, NR3 where R3 is a Ci-e alkyl group, NR4 where R4 
includes two carbonyls as part of a phthalimide compound formed with Ri or R2, CH2, CH, and 
C, with the caveat that, except in the case where A contains two identical CH and C moieties 
positioned adjacent one another to form an alkene or alkyne, the chemical moieties in A are each 
different from one another, and wherein at least one of Ri or R2 is substituted with a compound 
having the chemical formula: 



where n is zero to five, where R5 and Re are selected from the group consisting of hydrogen, 
halogen, substituted or unsubstituted Ci-12 alkyl groups, carboxylic acid and ester, substituted or 
imsubstituted aromatic or heteroaromatic groups, and these moieties may be the same or 
different, or alkyl moieties of part of an aliphatic ring connecting R5 and Re, and where R7 is a 
hydrogen, halogen, salt cation, metal, or substituted or xmsubstituted Ci^ alkyl group. 

Also included as allosteric effector compounds useful in the present invention are 
compounds disclosed in U.S. Patent No. 5,731,454 including 



where Ri is selected from the group consisting of optionally substituted phenyl, adamantyl, 
napthyl, and indanyl, R2-3 are alkyl moieties of a C3-6 alkyl ring connecting R2 and R3, and R4 is a 
hydrogen, a monovalent salt cation, or a C1-3 lower alkyl. Each of the above named patents, and 
all other patents and publications referred to herein, are incorporated by reference herein in their 
entirety. 

In a preferred embodiment, the enhancement agent is RSR13 2-[4-(((3,5- 
dimethylanilino)carbonyl)methyl)phenoxy]-2-methylpropionic acid: 



O— (CH2)n— C— COOR7 
Re 




^2 0 
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The compounds useful in the present invention, including RSR13, may be administered 
in the acid form, or in the form of a physiologically acceptable salt. The physiologically 
acceptable salt of RSR13 is represented as follows, where represents the cation of the 
physiologically acceptable salt: 




H3C 



The salt may include compounds with inorganic or organic cationic counterions. For 
example, inorganic salts may include sodium, potassium, calcium, magnesium, zinc, or 
combinations thereof. Organic salts may include, for example, substituted or unsubstituted alkyl 
Ci - Cg compounds or other common organic counterions. 

In a particularly preferred embodiment, the physiologically acceptable salt is the sodium 
salt (C2oH22N04Na; Molecular Weight = 363.38): 




I 

H 



RSR13 shifts the hemoglobin oxygen dissociation curve to the right. It stabilizes the 
deoxyhemoglobin state (increasing deoxyhemoglobin concentration), resulting in increased 
oxygen release in tissues at a given oxygen tension in the capillary. The additional oxygen 
released may be available to diffuse to hypoxic areas of tumor or brain. There is substantial 
evidence from animal models and limited data in human patients that tumor oxygenation can be 
substantially increased by RSRl 3 . 
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It has been shown by Ogawa and Lee, as well as others, that the equation for the 
relationship between the BOLD MRI signal ratio (which they have denoted S/So) and blood 
oxygenation (Y) is: 

hi(S/So) = mY + b, 

where m = the slope and b = intercept. Thus, the increases observed in the BOLD MRI signal 
ratio (which is denoted herein as I/Iq) are linearly related with increases in blood oxygenation. 
Since tumors require vascularization for growth, and the signal changes were observed within the 
tumor boundaries, the signal ratio is correlated with tumor oxygenation. 

Disclosed herein is a method to specifically monitor tumor oxygenation by RSR13 which 
is non-invasive and can provide spatial quantification of oxygenation in tumor shoes. In 
particular, the method comprises administering a allosteric effector compound to a patient and 
measuring BOLD MRI signal of the patient. The present invention is also directed toward 
methods for enhancing BOLD MRI images. The method, in its most general form comprises 
administering to a patient an image enhancing agent of the present iavention, and scanning the 
patient using BOLD MRI. This invention also provides a method of diagnosing abnormal 
pathology in vivo comprising introducing an image enhancing agent into a patient suspected of 
having the abnormal pathology, and scanning the patient using BOLD MRI. 

Experiments were performed to show the dose response for RSR13-induced MRI signal 
increases. Mice with human limg carcinoma xenografts were used. The methods used were 
based upon the established observation that the MRI signal ratio varies linearly with the oxygen 
saturation of human blood (%Hb-02). 

PreUminary experiments were performed to determine the dose response for RSR13- 
induced increases in MRI signal. Four experiments (1 mouse/experiment) were performed, using 
0 mg/kg, 100 mg/kg, 200 mg/kg, and 300 mg/kg RSR13. Images of the tumors were acquired at 
10 minute intervals, and the signal Intensity (t = 30 min) / hitensity (t = 0) was calculated. The 
results of these dose dependence experiments, at t = 30 min, are shown in Table 1 . A time of 30 
min was chosen for this analysis, since this is the approximate time previously reported to yield 
the maximum tissue oxygenation with RSR13. The signal ratio increased in a dose-dependent 
fashion and reached a plateau at 200 mg/kg. Since this dose was in reasonable agreement with 
the optimum RSR13 dose reported by others, a 200 mg/kg dose was chosen for further studies. 

Table 1. Preliminary experiments testing dose response of BOLD image signal ratio 30 minutes 
after injection of RSR13. 
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Mouse # 


RSR13 dose 
(mg/kg) 


Change in BOLD MRI signal: 
(Intensity (t = 30 min) / Intensity (t = 0)) 


Mouse A 


0 


1.03 


Mouse B 


100 


1.13 


Mouse C 


200 


1.20 


Mouse D 


300 


1.19 



The time dependence of BOLD MRI signal using a single RSR13 dose (200 mg/kg) is 
shown in Figure 1. Eight experiments were performed (1 mouse/exp), and the mean and SEM 
values for the signal ratio were calculated. The MRI signal ratio reached a maximum at 30 min 
after RSR13 injection (Figure 7A-G). There was a statistically significant change between t = 10 
and 20 min (increasing 9%, P = 0.05). A statistically significant change was observed between t 
= 10 and 30 min (increasing 14%, P = 0.04). The changes between t = 10 and 40, 50, or 60 min 
were not statistically significant (P > 0.05). Figure 2 shows representative images which were 
used to calculate the ratios given in Figure 1 and Table 1. The color scale represents the ratio: 
Intensity (t 30 min) / Intensity (t = 0). 

The imaging agents of the present invention are useful in imaging a patient generally, 
and/or in specifically diagnosing the presence of diseased tissue in a patient. The imaging 
process may be carried out by administering an imaging agent of the invention to a patient, and 
then scaiming the patient using BOLD MRI to obtain visible images of an internal region of a 
patient and/or of any diseased tissue in that region. By region of a patient, it is meant the whole 
patient, or a partictilar area or portion of the patient. The imaging agents may be employed to 
provide images of the brain, vasculature, heart, Uver, and spleen, and in imaging the 
gastrointestinal region or other body cavities. 

The imaging agents of the present invention are also useful in conjimction with 
chemotherapeutic agents. In one embodiment, the invention provides a method of imaging 
gUoblastoma multiforme, comprising administering an effective amount of an allosteric effector 
compound and performing a BOLD MRI scan. An exemplary method is provided in Example 5. 
Other methods which may be used in conjunction with a BOLD MRI scan include those 
disclosed in Kleinberg, et al., Clin. Oncol. (1999) 17:2393-2603. hi another embodiment, the 
imaging agents of the present invention may be administered with standard chemotherapeutic 
agents. In the case of imaging ghoblastoma mutiforme, the imaging agent can be administered 
along with BCNU (Carmustine), for example. 
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In some embodiments, RSR13 is administered intravenously at a concentration of 20 
mg/mL via a central venous access device administered over 30 minutes. In other embodiments, 
it is given as a single administration at 10 mg/mL via a peripheral vein administered over 90. 

In some embodiments, RSR13 at 25-200 mg/kg is administered over 30 minutes as daily 
intravenous doses by central venous access device with concurrent supplemental oxygen 
administration. RSR13 is administered every day of a fractionated course of radiation therapy. 
Radiation therapy is preferably administered within 30 minutes of end-infiision. For BCNU 
chemotherapy studies, RSR13 at about 25-200 mg/kg is preferably administered in the same 
manner but followed by BCNU within 30 minutes of end-infusion. RSRl 3/BCNU is preferably 
administered once every 6 weeks for a total of 6 cycles. In other embodiments, RSRl 3 is 
admmistered at 50-150 mg/kg. In further embodiments, RSR13 is administered at 75-125 
mg/kg. In still further embodiments, RSR13 is admmistered at 85-1 10 mg/kg. 

Radiosensitization 

The present invention provides a means to radiosensitize a tumor in a subject, such that 
the tumor is more susceptible to the effects of radiation, including tumor cell killing. For 
convenience, reference is made generally herein to tumor cell "killing." It should be recognized, 
however, that an increased susceptibility of a tumor cell to any of the effects of radiation can 
provide a significant therapeutic advantage to a cancer patient. 

In a preferred embodiment, the radiosensitizing agent is RSR13 [2,4-(((3,5- 
dimethylanilino)carbonyl)methyl)phenoxy]-2-methylpropionic acid or a physiologically 
acceptable salt thereof, preferably the sodium salt. 

This invention provides a method of increasing the sensitivity of cells to the cytotoxic 
effects of ionizing radiation which comprises first contacting the cells with a radiosensitizer of 
the present invention in a suitable carrier at a concentration effective to radiosensitize the cells 
for an amount of time effective to inhibit division of the cells, measuring the oxygenation of the 
cells, and then administering an effective cytotoxic dose of ionizing radiation to the cells. 

The effectiveness of a method of the invention in treating a subject can be identified 
using well known methods. For example, the effectiveness of treatment can be identified by 
detecting prolonged survival of the subject, disappearance of the tumor, or a decreased rate of 
growth of an irradiated tumor as compared to the rate of growth prior to irradiation, hi human 
cancer patients, such measurements generally are made using well known imaging methods such 
as magnetic resonance imaging, computerized axial tomography and X-rays. In addition, 
determination of the level of a tumor marker such as the detection of levels of circulating 
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carcinoembryonic antigen (CEA) or prostate specific antigen or the like also can be used as an 
indication of the effectiveness of a treatment. Thus, the effectiveness of a method of the 
invention can be determined by measuring a decrease in the growth rate of a tumor or an 
appropriate change in the level of a circulating marker, the presence or relative level of which is 
indicative of cancer. 

Considerable research has been directed to the identification of chemical agents that 
selectively increase the radiosensitivity of tumor cells, but not of normal cells. Cytokines, for 
example, are a class of molecules that, in some cases, also can act as radiosensitizing agents. 
While not being bound by theory, it is beheved that the radiosensitizers of the present invention 
effect reoxygenation of a hypoxic region of a tumor by acting as an oxygen mimetic. Since 
normal tissue is well oxygenated, such a radiosensitizer can increase the sensitivity of the tumor 
cells, while having relatively less effect on the normal cells, thus effectively radiosensitizing the 
cancer cells. 

The radiation enhancing properties of RSR13 on tumor growth delay at the optimum 
RSR13 dose level and timing strategy for tumor oxygenation have been determined using the 
BOLD MRI technique. Using RSRl 3 at a dose of 200 mg/kg and observing the MRI signal at 
30 minutes after the dose was administered, radiation plus RSR13 experiments were performed 
(Figure 3). Treatment with 200 mg/kg RSRl 3 alone did not affect tumor growth delay. 
Radiation alone (10 Gy) caused a growth delay of 2.4 days. The combination of RSR13 plus 
radiation given 30 min later yielded a growth delay of 6.6 days. An enhancement factor of 
6.6/2.4 = 2.8 can be calculated using these tumor growth delay values. The tumor doubling 
times for each treatment group are compared in Figure 10. 

Results from these experiments demonstrate that BOLD MRI can be used as a 
noninvasive and spatially oriented method to quantify the effect of RSRl 3 on tumor 
oxygenation. RSRl 3 dose-dependently increases the MRI signal ration with a peak increase at 
30 minutes after treatment, and administration of RSRl 3 30 minutes before irradiation increases 
the effectiveness of radiation significantly. Thus the enhancement of the effect of radiation is 
correlated with and increase in tumor oxygenation achieved by RSRl 3. 

These results shows that radiation enhancement of tumor growth delay occurs using 200 
mg/kg RSRl 3 with radiation given 30 min later. The enhancement ratios reported in these 
previous studies ranged from 1.3-1.8; however, these were calculated as dose modifying factors 
(which are generally smaller than an effects ratio), and these studies also involved fractionated 
radiotherapy. 
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These measurements of optimum RSR13 dose and optimum time of tumor oxygenation 
are in reasonable agreement with those of previous studies using pOj microelectrodes and Hb-02 
affmity measurements. In one of these studies, the pOi at 50% hemoglobin satxiration increased 
by a mean of 53% at 20-40 min after a 300 mg/kg RSR13 injection into mice. 

Experimental tumors in general are markedly hypoxic and the level of hypoxia varies 
with the tumor size. Subcutaneous lung tumors in mice such as Lewis lung carcinoma have been 
shown to have hypoxic fractions of at least 20%; this has been reported for A549 human 
xenografts. A comparison of various mouse tumor models has shown that there is very little 
histological difference between A549 and H460 non-small cell lung cancer xenografts. Thus a 
hypoxic fraction of about 20% might be expected for the H460 tumors. This expectation is 
supported by ultrasonic imaging and histological analysis of the H460 xenografts which revealed 
a necrotic tumor core, as shown in Figure 8. When signal intensity is plotted as a function of 
time after injection of RSR13, a 20% increase in the signal in tumor tissue is seen, as shown in 
Figure 9. This increase in signal intensity reduces Tl and/or lengthens T2. 

The direction of the BOLD MRI signal intensity change (i.e. increase or decrease) can be 
confroversial for several reasons, especially the definition of and interpretation of this signal 
change. Traditional BOLD MRI detects in the deoxyhemoglobin status of blood, which the 
venous blood signal predominating over all other factors. The level of paramagnetic 
deoxyhemoglobin in and near blood vessels affects T*2 relaxation, which creates BOLD 
contrast. Since the mechanism of tissue oxygenation by RSR13 involves and increase in 
deoxyhemoglobin levels, a decrease in the BOLD MRI signal after RSR13 administration might 
be expected, depending upon the orientation of the signal processing parameters. In contrast, 
blood oxygenation (as opposed to tissue oxygenation) may cause increased oxygen saturation of 
hemoglobin and thus a decrease in deoxyhemoglobin levels. 

To address these issues, the results presented herein have been compared to the of Al- 
Hallaq, et al., Int. J. Radiat. Oncol. Biol. Phys. (1998) 41 :151-59, with attention to the details of 
then- parameter definitions. Their initial studies showed that increases in the BOLD MRI signal 
(A%), which is proportional to T*2) were strongly correlated with increased tumor pOj levels in 
rodents (as measured using p02 microelectrodes). In a subsequent study, they showed that 
administration of various tumor-oxygenating agents causes an increase in the BOLD MRI 
parameter A%. See Al-Hallaq, Int. J. Radiat. Oncol. Biol Phys. (2000) 47:481-88. However, 
they used the MR signal linewidth as an alternative parameter to report their data which 
decreases with increasing T*2. The MR signal intensity measured in this application is also 
proportional to T*2, based upon the parameters used. Since an increased signal is also observed 
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with administration of a tumor-oxygenating agent, the studies of Al-Halleq, et al. support the 
direction of the BOLD MRI signal we have measured in rodent tumors. It is also possible for the 
Tl effect, which is more strongly influenced by molecular oxygen than by deoxyhemoglobin, to 
compete with, and predominate over the T*2 effect. This phenomenon could cause an increase 
in the MRI signal with increasing tumor-oxygenation. Thus caution is necessary in the 
interpretation of BOLD MRI results involving different oxygenating agents, tissue types, and 
particularly in the orientation of MR parameter definitions when comparing the results of 
different studies. 

EXAMPLES 

Example 1 : Mice and tumor inoculations 

NCI-H460 human large cell lung carcinoma cells were obtained from the American Type 
Culture Collection (ATCC). H460 cells were cultured at 37 °C, 5% CO2 in RPMI 1640 medium 
(Gibco BRL, Gaithersburg, MD) + 10% fetal bovine serum (Gibco) + 50 U/ml penicillin (Gibco) 
+ 50 ng/ml streptomycin (Gibco). Cells were routinely passaged using 0.05% trypsin-EDTA. 
Human NIH-H460 cells were used as a xenograft model in female athymic nude mice (nu/nu, 5- 

6 weeks old). Cells at 80% confluence were trypsinized, resuspended in growth medium, and 
counted. Cells were then centrifuged and resuspended in 37 °C PBS at 2 x 10^ cells/ml. A 
suspension of 2 x 10^ cells in a 0.1 ml volume was injected subcutaneously (s.c.) into the left 
posterior flank. Tumors were allowed to grow for 2 weeks (about 1 cm^) before imaging, or for 

7 days prior to treatment with RSR13 and radiation. 

Example 2: RSR13 treatment and BOLD MRI 

Mice with tumors were anesthetized with 0.05 cc of a ketamine (lOOmg/ml) and 
acepromezine (2.5 mg/0.25 ml) cocktail (induction anesthesia). A 24G angiocath, attached to a 
syringe with the appropriate amoimt of RSR13, was then placed and secured intraperitoneally 
(i.p.). Mice were placed in a pre-warmed anesthesia chamber and the surface coil was positioned 
over the tumor. The entire assembly was then placed into a Varian 4.7T small bore MR scanner. 
The anesthesia chamber was then infiised with a mixture of 98.5% room air and 1.5% isoflurane 
(maintenance anesthesia) at a rate of 1.5 L/min throughout the experiment. After scout images 
were obtained to locahze the tumor, serial gradient echo images were obtained at ten-minute 
intervals over a total of 60 minutes. RSR13 was supplied as a 20-mg/ml stock solution, which 
was diluted with sterile phosphate-buffered saline (PBS) prior to experiments to achieve the 
desired dose (mg/kg) per 0.3 1 injection volume. At the start of acquisition of the second image 
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("time 0"), a dose of RSR13 was injected i.p.. RSR13 doses were administered in 0.3 ml 
volumes; control mice were given injections of saline. Preliminary experiments were performed 
to optimize the BOLD contrast, first by imaging mouse tumors without any drug, and then by 
administering different doses of RSR13. A dose of 200 mg/kg was then chosen for further 
studies. Parameters for BOLD-MRI scans were chosen to maximize sensitivity to oxygen 
dependent changes in the relaxation parameter T2*. The following MRI parameters were used: 
TR = 520 ms, TE = 27 ms, flip angle = 45°, 18 signal averages, 230 |j,m spatial resolution, matrix 
= 128 X 128, bandwidth = 37.4 kHz, field of view = 3 X 3 cm. Color maps indicating percent 
increase in signal relative to the baseUne gradient echo image were created for each image. 
Color maps were overlaid on corresponding spin echo images for anatomic reference. After 
images were acquired, each individual tumor ( at t = 30 min.) was examined sHce by sHce, and a 
single shce which was most representative of the entire tumor was chosen. Within each 
representative slice, a 15 X 15-pixel regions of interest (ROI) was drawn around the area of 
maximum signal intensity (about 25% of the tumor slice area). The voxel size was 0.23 mm X 
0.23 mm X 1mm; thus the slice thickness was 1 mm. The same sUce and ROI were then used to 
calculate the signal ratio corresponding to the other times for the same tumor. The following 
signal ratio was calculated: hitensity (t) / Intensity (t = 0 min). Based on the signal parameters 
listed above, the MRI signal intesnsity is proportional to the MR relaxation time, T*2, which is 
linearly related to the level of oxygen saturation. See, e.g. Ogawa, et al., Magn. Reson. Med. 
29:205-10 (1993). Images were analyzed in a blind fashion in the dose dependence studies, 
without knowledge of the drug doses used, to eliminate observer bias. 

Example 3: Radiation plus RSR13 experiments 

Tumors on the flanks of mice were irradiated using an Eldorado-8 ^^Co y irradiator 
(Neutron Products, Lac, Dickerson, MD). The dose rate was 1.18 Gy/min, at an SSD of 56.5 cm. 
The non-tumor parts of mice were shielded using lead blocks. Mice were irradiated using 
restraining devices constructed firom 50 ml conical polyethylene tubes taped to a Styrofoam pad. 
Mice were irradiated 30 min after administi-ation of RSR13 (given by intiraperitoneal injection). 

Tumors were measured three times weekly in two perpendicular dimensions using 
Vernier calipers. Volumes were calculated using the formula: volume = 0.4 * ab^ (a = long 
dimension, b = short dimension). Treatment began when tumors reached an average volume of 
about 0.3 cml Growth delay time (GD) was calculated as the time for treated tumors to double 
in volume minus the time for control tumors to double in volume, witii t = 0 defined as the first 
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day of treatment. Treatment groups consisted of either untreated control, radiation alone, RSR13 
alone, or RSR13 plus radiation. Each treatment group contained four mice. 

Example 4: Statistical analyses 

A paired t-test was applied to test the differences between baseline and follow-up time 
points. All tests of significance were two-sided, and differences were considered statistically 
significant when the P value was < 0.05. SAS version 8.0 was used for all statistical analyses. A 
total of 4 mice were used for dose dependence studies, and eight mice for time dependence 
studies. Four mice per treatment group were used for the tumor growth delay. 

Examples: Imaging GBM 

All MRI scans will be performed on a 1 .5T MRI scanner. The protocol will consist of 
measurement of brain T2 relaxation times using a multi-echo (Carr-Purcell-Meiboom-Gill) 
multi-shot spin echo-planer imaging (EPI). Patients will receive RSR13 and BCNU 
(Carmustine). Patients will receive RSR13 at doses of 25 to 200 mg/kg administered over 30 
minutes via a central venous access device. MRI scans will be obtained on one RSR13/BCNU 
dosing day. MRI imaging will be obtained prior to oxygen administration (baseline), prior to 
initiation of the RSR13 in&sion, and then every 5 minutes until 1 hour post-start RSR13. SpOa 
measurements will be recorded just prior to each MRI scan. The scan parameters will be matrix 
size 256 x 192 pixel, 3 mm slice thickness, 240 mm FOV, mufti-shot EPI (16 shots), TR = 1 
second. Within each multi-echo sequence, the T2 is determined from the intensity decay over 
TE-values of 25, 50, 75, and 100 msec. Scan time is 12 seconds per T2 value. The procedure 
will also be repeated with gradient echo imaging to measure T2*. 

After the end of the imaging, the data will be stored on a magneto-optical disk. 
Processing of the experimental data will involve evaluation of the extent and intensity of T2/T2* 
changes as well as calculation of changes in oxygen concentration in abnormal and normal brain. 
T2 and T2* relaxation times will be measured at multiple regions of interest in the core of the 
tumor, in the tumor rim, in the peri-tumoral edema, and in the contralateral gray and white matter 
remote from the tumor site. 

A 6% change in T2 or T2* signal (i.e. a 5 msec change from typical baseline of 80 msec) 
will be considered a change in T2 signal. T2 and T2* signal can be measured with accuracy of a 
few percent. A study testing the method of Van Zijl carried out at Johns Hopkins demonstrated 
measurement of T2 signal in humans at scan resolution 256 x 128 with an accuracy of +/-3.8% 
standard deviation (SD) per pixel. The model of Van Zijl will be used to estimate the effect of 
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the observed changes in blood vessels and tissue. For example, in large vessels a change of this 
magnitude would typically represent an approximate 5% change in saturation. Changes of this 
order of magnitude are routinely and reliably detected in functional MRI imaging. T2* signal 
can be measured in humans with an error of less than +/-3% SD per pixel, and this measurement 
may be a snore sensitive although less quantitative measure of oxygenation changes. 

Change in signal will be assessed in the following manner. Regions of interest will be 
identified withui the brain tumor, in regions of normal brain in the contralateral hemisphere, and 
in peri-lesional edematous regions from conventional MRI images. For each patient, the 
baseline value will be calculated as the mean of the measurements in each region of interest from 
three baseline MRIs prior to infusion of RSR13 and the follow-up value as the mean of the 
measurements just prior to end of infusion, at end of infusion, and immediately following end of 
infusion (i.e., those readings taken when RSR13 effect would be maximal), hi addition, the 
value of the signal utilized will be the average over the identified region of interest, and not an 
individual pixel. For each patient, the percent change will be calculated based on these mean 
scores. Therefore, there will only be one measurement of percent change for each patient in the 
region of interest for T2 and T2*. Measurement of T2* change, which is the more sensitive 
measure, will be the primary objective, although measurement of T2 change which can be 
quantitatively related to tumor oxygenation is a critical secondary endpoint. 
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